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SI Materials and Methods
Scanning electron microscopy (SEM) images were obtained us-
ing a field-emission-gun–scanning electron microscope (FEI Com-
pany), equipped with an Everhardt–Thornley secondary electron
detector. Fig. S1 shows the microstructure of cyberwood at low
and high magnification.
All electrical measurements were performed in a two-point
contact geometry using Keithley model 2400 and Keithley model
2635 sourcemeasurement units.We applied three different biases
in the different experiments: 100, 20, and 10 V. The choice of the
applied bias was based on the size of the samples tested and the
temperature range of the experiments. No variation in the ma-
terial electrical response was recorded as a function of applied
voltage. This is because the current–voltage (I–V) characteristics
of the material, reported in Fig. S2 A and B, are linear. The
experiments described in Fig. 2 A–C of the main text were per-
formed at 100 V, whereas that of Figs. 2D and 3A and Figs. S3
and S4 were performed at 20 V. The experiments described in
Figs. 2 E and F and 3B were performed at 10 V.
To measure temperature, a Fluke 1502A thermometer was
used in combination with a 5627A platinum resistance ther-
mometer probe. A Heratherm advanced protocol oven with
a capacity of 60 L was used to perform temperature cycles. The
electrical power dissipated in the samples during all tests was very
low (hundreds of μW); as such, the samples’ self-heating was
negligible.
Temperature Response. Table S1 shows the calculation of an ef-
fective TCR coefficient (ΔR/R)/(ΔT) from experimental data in
Fig. 2A. Note that the TCR values are calculated over a 40 °C
temperature interval (i.e., between the maximum and minimum
temperatures in the experiments shown in Fig. 2A).
Measurements of Dehydration. We held the larger samples for
a finite time at 75 °C (Fig. 2B and Fig. S2A). We monitored the
I–V characteristics of these samples, with three different moisture
contents, both at the beginning and at the end of the tempera-
ture hold. As expected, the two magenta curves (representing
samples with a 0% moisture level) overlap, confirming that the
sample could not be dried further at this temperature. The re-
sults also demonstrate that the samples are stable in a broad
range of voltages.
To show that the dehydration process was reversible we
rehydrated the samples, keeping them at room temperature for
10 d, and repeated the I–V measurements. We found that the
rehydrated samples had 6.7% moisture content. Fig. S2B shows the
I–V curves at room temperature before cycling (5.7% moisture,
317 mg) and after rehydration (6.7%, 320 mg). Both character-
istics are linear. No current was measured at 0 applied voltage.
Comparison with Other CNT-Based Temperature Sensors. Sensors
composed of CNTs interspersed in a polymeric matrix can detect
temperature variations because the CNT–CNT tunneling junc-
tions are sensitive to strain variations (1). Percolation of nano-
composites through a 2D area has been modeled (2). More
specifically, the role of tunneling resistance in the electrical
conductivity of CNT-based composites was analyzed in ref. 3. In
this work, CNTs at a contact point in the network were assumed
to overlap. The tunneling resistance of CNT–polymer matrix
composites depends on the material of the insulating layer and
on its thickness. Simmons (4) derived a general formula for the
electric tunneling effect between similar electrodes separated by
a thin insulating film. When the thickness of the insulating layer
between crossing CNTs is uniform and the variation of the barrier
height along the thickness can be neglected, the formula for
a rectangular potential barrier can be used. Therefore, the cur-
rent density inside the insulating layer can be expressed according
to Simmons (4) and Li et al. (3) as a function of the thickness of
the insulating layer and the height of the rectangular barrier. The
latter is approximately taken as the work function of CNTs in V
(3) and the dielectric constant of the insulating material.
It has been shown that the thickness of the insulating layer
between crossing CNTs plays a significant role in the tunneling
resistance, which increases very rapidly with increasing thickness
(3). Further, tunneling occurs only if t < 18 Å (3, 5). The change of
the height of the barrier with temperature has been introduced
recently by Alamusi et al. (1) to model the high-performance
temperature sensing of a MWCNT–epoxy nanocomposite. The
sensitivity of this MWCNT–epoxy nanocomposite increased with
increasing MWCNT content. The largest value of the TCR re-
ported was 2.1% K−1, corresponding to a loading of 5 wt % of
MWCNTs (1). In this material, the resistance was found to in-
crease with temperature (1). The opposite behavior was found for
MWCNTs–epoxy material with 0.5 wt % MWCNTs content (6).
In this case, the resistance decreased with increasing temperature,
and a TCR of −0.06% K−1 was reported (6). A TCR of 0.2% K−1
was measured for a pure 2D MWCNT network deposited on top
of aluminum electrodes (7). The sensitivity of suspended pure
SWCNTs in vacuum was also reported earlier and was found to
be larger than that of pure MWCNTs, but similar to that of va-
nadium dioxide (8). In those experiments the measured TCR was
−2.5% K−1 in the 100–330-K temperature range (8, 9).
Composite materials obtained with MWCNTs and fungal cells
grown in suspension were fabricated earlier (10, 11). However,
fungal cells do not contain pectin in their cell wall, so their be-
havior is expected to be different from that of plant cell–
MWCNTs composites. Materials composed of Candida albicans
and MWCNTs were shown to have a TCR of 0.1% K−1. This
response was due to the presence of MWCNTs alone (11). In
cyberwood, MWCNTs are not centrally responsible for the
ultrahigh temperature response (as detailed in the main text).
Nevertheless, their percolation path through cellulose micro-
fibrils increases the current transmitted in the material and sta-
bilizes its response. This phenomenon is due to conduction
through tunneling junctions between MWCNTs, with cellulose
microfibrils acting as insulator.
Comparison with CNT–Cellulose Humidity Sensors.Humidity sensors
based on CNTs and cellulose have been described previously
(12). However, their behavior is very different from cyberwood.
Qi et al. (12) showed that when a CNT–cellulose composite sensor
was immersed in water, resistance increased, whereas it de-
creased upon drying. This phenomenon was attributed to the
swelling of the cellulose matrix in the presence of water (12). A
humidity sensor with cellulose paper was also produced using
single-walled CNTs functionalized with carboxylic acid (13). Also
in this case, the resistance increased upon increasing the relative
ambient humidity, in contrast with the electrical properties of
cyberwood. However, similarly to cyberwood, the conductance of
bare paper increased while increasing humidity content. The
explanation is in accordance with our results: Water dissociation
occurs on the moist cellulose fibers under an applied bias, dis-
sociating H+ and OH− ions. Thus, the current flow is due to ionic
conduction (13).
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Effect of a Polymeric Housing on the Properties of Cyberwood. For
practical applications, we introduced a housing (wrapping the
sensor in a cellophane film) around the cyberwood to shield the
material from the effect of ambient humidity. We have performed
additional experiments to show the effect of a polymeric housing
on the temperature response of cyberwood. A cyberwood sensor
was encased in a polymeric housing and placed in an oven kept at
constant temperature (21 °C). We increased the ambient humidity
from 44% to 82% using an ultrasonic humidifier. The ambient
humidity was monitored at all times with a humidity comple-
mentary metal-oxide semiconductor sensor (Sensirion). As shown
in Fig. S3, cyberwood enclosed in a polymeric housing (blue line)
was not sensitive to humidity changes. However, the presence of
the housing did not alter the ultrahigh temperature response, as
shown in Fig. S3, Inset.
Temperature Sensitivity at Distance. Experiments were performed
to detect the motion of an adult moving in the room where
the sensor was positioned. The sensor detected accurately the
motion of the person who wasmoving closer to the sensor every 30
s (from 80 to 40 cm) and held still for an additional 20 s at each
position. As expected, the measured current increased with de-
creasing distance of the body from the sensor. In between
measurements, the person moved away from the sensor for ∼10 s.
Every time the person left, the current diminished toward the
reference value at 23 °C. During the experiments, the air tempera-
ture near the cyberwood sensor was monitored with an independent
thermometer (a calibrated platinum-resistance temperature de-
tector). The independent air temperature measurements are shown
in Fig S4.
CNT and Cell Wall Penetration. Studies on toxicity of MWCNTs on
isolated plant cells (14) reported transmission electron microscopy
images in which MWCNTs were seen to localize only within the
cell wall and not intracellularly, implying interaction with the cell
wall. These authors concluded that such a phenomenon is due to
physical wrapping that allows the MWCNTs to penetrate into the
space among the residues of the polysaccharides cellulose and
pectins. Other mechanisms not implying physical penetration but
adhesion forces would require functionalized MWCNTs, which
we are not using in the present study. For example, Li et al. re-
ported several chemical bonding and electrostatic forces between
Ox-MWCNTs and polypeptides that they proved depend specif-
ically on the MWCNTs oxidation (15). As in ref. 14, the
MWCNTs used for our study are pristine and not functionalized,
implying that the physical wrapping is the dominant phenomena
inside the cell wall structure. This was confirmed by our previous
results (11) on C. albicans and also by Fig. 1F and Fig. S1B SEM
images on BY-2 cells.
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Fig. S1. (A) Low-magnification SEM picture of the cyberwood. (B) Top view of a cell wall of BY-2 with MWCNTs on top. Arrows emphasize some penetration points.
Fig. S2. (A) I–V characteristics at 75 °C of cyberwood for different final moisture contents: 5.7% (red), 3.8% (green), 0% (magenta), plotted in semilog scale.
The upper characteristic for each moisture content was measured immediately after the sample reached 75 °C, whereas the lower curve was obtained after
being kept for 100 min at 75 °C. The magenta characteristics overlap, indicating that the dehydration at 75 °C is 0. The vertical bars on the right of the curves
graphically represent the level of hydration of the sample. (B) I–V characteristic at 5.7% moisture content before cycling (as in Fig. 2B), red circles, and after
rehydration up to 6.7% moisture content, black circles.
Fig. S3. Current vs. time and resistance vs. temperature in a cyberwood sample with and without housing when ambient humidity is increased from 44% to 82%.
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Fig. S4. Cyberwood as a thermal distance sensor. The plot shows variations of the current measured across the sample as a function of the position of a heat-
emitting body in time, detecting the position of a person moving in the room. The blue dots represent independent temperature measurements of the air near
the sensor. The error bars correspond to the precision of the measurement system.
Table S1. Temperature response values
Moisture, % Temperature T, °C Resistance R, Ω Response, K−1
0 73.53 1.51 × 107 17.26
35.52 9.92 × 109
2.2 74.74 7.55 × 106 17.26
34.49 5.26 × 109
3.8 73.78 3.89 × 106 14.45
36.00 2.13 × 109
4.4 74.44 1.90 × 106 10.12
35.29 7.53 × 108
5.7 74.08 5.20 × 105 13.10
35.22 2.65 × 108
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